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Abstract 

In this paper, the electrochemical behavior of myricetin on a gold nanoparticle/ethylenediamine/multi-walled carbon- 
nanotube modified glassy carbon electrode (AuNPs/en/MWCNTs/GCE) has been investigated. IVlyricetin effectively 
accumulated on the AuNPs/en/IVlWCNTs/GCE and caused a pair of irreversible redox peaks at around 0.408 V and 0.191 V 
(vs. Ag/AgCI) in 0.1 mol phosphate buffer solution (pH 3.5) for oxidation and reduction reactions respectively. The 
heights of the redox peaks were significantly higher on AuNPs/en/MWNTs/GCE compare with IVlWCNTs/GC and there was 
no peak on bare GC. The electron-transfer reaction for myricetin on the surface of electrochemical sensor was controlled by 
adsorption. Some parameters including pH, accumulation potential, accumulation time and scan rate have been optimized. 
Under the optimum conditions, anodic peak current was proportional to myricetin concentration in the dynamic range of 
5.0x10"^ to 4.0x10"^ mol with the detection limit of 1.2x10"^ mol L~\ The proposed method was successfully used 
for the determination of myricetin content in tea and fruit juices. 
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Introduction 

At present, there has been an increasing usage of nano-materials 
and their applications in analytical chemistry due to their 
physicochemical characteristics. Gold nanoparticles possess some 
good properties, as quantized charging/ discharging, conductivity, 
catalytic and photocatalytic activity [1^]. Voltammetric sensors 
based on gold nanoparticles for determination of biological 
molecules have received much interest due to their good stability 
and biocompatibility [5]. Carbon nanotubes (CNTs) are another 
novel nano-material, which have captured worldwide researchers' 
interests since their discovery in 1991 [6]. CNTs have ability to 
hold the potential for wide applications in electrochemistry due to 
their small dimensions, high surface area, high electrical conduc- 
tivity, unique structures, significant mechanical strength and good 
chemical stability [7] . Metal nanoparticles can be immobilized on 
the solid surface through covalently attached tether layers, and 
tiieir particle sizes and densities can be independently dominated 
by pre-synthesizing the nanoparticles and controlling the tether 
density or assembly conditions [8]. Cruickshank carried out the 
electrostatic assembly of citrate-capped AuNPs on ethylenedi- 
amine (en) tether layers and were electrografted to glassy carbon. 
It was found that the modified electrode showed a constant activity 
for reduction of HjOg [9]. 

Flavonoids are polyphenolic benzo-c-pyrone compounds that 
belong to a class of water soluble plant pigments. More than 6000 
different flavonoid molecules have been identified. They occur in 



vegetables, fruits and beverages like beer, wine, tea and fruit drinks 
[10]. Flavonoids possess antioxidative, anticancer and cytoprotec- 
tive properties [11,12] and have been applied in traditional 
Chinese medicines successfully for the treatment of depression and 
anxiety [13]. Myricetin (3,3',4',5,5',7-hexahydroxy flavone), a 
naturally occurring flavonoid, is classified as a flavonoid with 
strong antioxidant effects. Oxidative stress plays a key role in 
various neurological diseases such as ischemia and Alzheimer's 
disease. 

A short ionic liquid based monolithic cartridge was prepared 
and used as the selective extraction sorbent for myricetin and 
quercetin [14]. Chromatographic analysis have been conducted 
on a Cis column with UV detection at 372 nm, with an eluting 
solution consisting of acetonitrile-water (25/75, V/V) as mobile 
phase, and a flow rate of 0.7 mL-min A new approach for the 
extraction and determination of myricetin and quercetin by using 
SPME-HPLC-UV system has been developed [15]. The method 
involves adsorption of flavonoids on a fiber followed by desorption 
in the desorption chamber of SPME-HPLC interface using citrate 
buffer (0.001 mol L '): acetonitrUe (70:30) as mobile phase and 
UV detection at 372 nm. 

Nevertheless, some of these methods such as chromatographic 
methods are time-consuming, expensive, and need complicated 
preconcentration, multisolvent extraction as well as trained 
technicians. Compared with other methods, electrochemical 
methods are characterized by simplicity, high sensitivity, good 
stability, low-cost instrumentation, small dimensions and on-site 
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monitoring [16]. Up to now, tliere is no report for determination 
of myricetin by electrochemical methods. The preparation and 
application of AuNPs/en/MWCNTs composite film modified 
glassy carbon electrode for the determination of myricetin in tea 
and some fruit juices is demonstrated in this study. Experiments 
revealed that the redox peaks for myricetin can be remarkably 
enhanced on AuNPs/en/MWNTs/GCE, meaning good electro- 
catalytic activity and sensitivity for the oxidation of myricetin. 

Experimental 

Reagents and solutions 

Myricetin was purchased from Sigma-Aldrich Co. and used as 
received. Stock solution of myricetin (1.0x10""* mol L~') was 
prepared in ethanol as solvent and diluted with 0.1 M phosphate 
medium (pH 3.5) before use. Multi-wall carbon nanotubes 
(diameter: 10-20 nm, length: 1-2 |J,m, purity >95%) were 
obtained from Sigma-Aldrich Co. Gold nanoparticles with average 
diameters of ~ 13 and ~40 nm were prepared by the reduction of 
HAUCI4.3H2O (Merck) with sodium citrate. Other chemicals were 
analytical grade and used without further purification in double- 
distiUed water. 

Apparatus 

Autolab 302N electrochemical system (Metrohm Co., Ltd. 
Switzerland) was employed for all the voltammetric measure- 
ments. A conventional three-electrode system was used, including 
a bare glassy carbon electrode (GCE) or AuNPs/ en/MWNTs film 
modified GCE as working electrode, a Ag/AgCl (3.0 mol L ' 
KCl) electrode as reference electrode and a graphite bare 
electrode as auxiliary electrode. AH pH measurements were 
recorded with a pH meter (Metrohm, model 827). 

Preparation of GC/MWCNTs modified electrode 

A bare GCE was pretreated carefully with 0.05 |Xm alumina 
slurry on a polishing cloth, rinsed thoroughly with 1:1 HNO3 - 
H2O (v/v), and then washed with pure ethanol and redistilled 
water, respectively. 10 mg of the untreated MWCNTs was added 
to a large amount of concentrated nitric acid (wt. 68%), and then 
sonicated for about 4 h. Then mixture was filtered and washed 
with doubly distilled water until the filtrate was neutral. The 
treated MWCNTs were dried under an infrared lamp. MWCNTs 
suspension was accomplished as follows: 5.0 mg of treated 
MWCNTs was sonicated in 10.0 ml N, N-dimethylformamide 
(DMF) for about 30 min after that a homogeneous suspension was 
obtained. The pretreated GCE was coated evenly with 10.0 (iL of 
MWCNTs suspension, and then DMF was evaporated und(;r an 
ultraviolet lamp. Before using, the modified electrode was washed 
repeatedly with double-distilled water to remove loosely bound 
modifiers [17]. 

Citrate-capped Au nanoparticles 

Gold nanoparticles (AuNPs) with average diameters of ~ 1 3 and 
~40 nm were prepared by the reduction of HAUCI4 with sodium 
citrate following the literature method [18]. All glasswares used for 
the preparation of AuNPs were thoroughly washed with freshly 
prepared aqua regia (HN03:HC1) (1:3), rinsc-d cxtcnsi\-cly with 
ultra high purity water sequentially, and then dried in an oven at 
100°C for 2 to 3 h. Then, A 60 mL solution of 0.01% (w/v) 
HAuCU was brought to a boU with vigorous stirring in a round- 
bottom flask fitted with a reflux condenser. Then, different amount 
of 1.0% (w/v) sodium citrate was added to HAuCL-t solution (for 
13 nm and 40 nm gold NPs, 4.5 and 0.6 mL of sodium citrate 
were used, respectively). The reaction was maintained at the 



boiling point with continuous stirring for about 15 min. Then a 
red color suspension was prepared and stored at 4°C untU further 
usage. 

Modification of GC/MWCNTs with AuNPs 

The grafting of primary amines to carbon surfaces by 
electrooxidation in anhydrous conditions is well-established [19- 
21]. Fig. 1 shows the proposed overall reaction which results in 
formation of a surface C-N covalent bond. Careful studies have 
demonstrated that the initially- formed radical cation deprotonates 
giving a C-centred radical, follow(;d by isomerisation to an amino 
radical which covalently couples to the surface [21]. CycUc 
voltammetric scans of en are consistent with grafting of a blocking 
film to the GC electrode. There is an irreversible redox process at 
Epa ~0.9 V assigned to amine oxidation and on repeat scans the 
peak current decreases and is absent by the 6th cycle. 

Before modification of GC/MWCNTs widi AuNPs, ethylene- 
diamine (en) film electrografted on the surface of MWCNTs/GCE 
as follows: in brief, the potential was cycled six times between 
0.0 V to 1.4 V (vs. Ag/AgCl) at 10 mV s"' in a solution of 
0.1 mol L~' en-ethanol containing 0.01 mol L~' KCIO4 as the 
electrolyte. After electrografting, the surface was rinsed with 
ethanol, and then followed by double-distilled water and dried 
with nitrogen gas. To assemble gold nanoparticles, en/ 
MWCNTs/GCE was immersed in citrate-capped AuNPs for 2 h 
at 4°C in dark. The bonding of AuNPs on amine groups is based 
on electrostatic assembly as it has shown in Fig. 1 . After treatment, 
the modified electrode was rinsed with double-distilled water, 
dried with a gentle stream of N2 and used immediately. 

Preparation of real samples 

Preparation of tea: The preparation consisted of addition of 
water to tea leaves (1 g) in a 100 mL conical flask and stirred I))" a 
magnetic bar on a hot plate at 70''C for 10 min [22]. Then, tea 
solution was filtered through a Whatman paper (No. 1) and the 
residue was washed with distilled water (3x10 mL). The prepared 
tea solution was cooled in room temperature and pH of the 
solution was adjusted to about 3.5 with the addition of phosphate 
buffer solution. The final solution was diluted to 250 mL with 
double distilled water. 

Preparation of fruit juices: The juice samples were first filtered 
and then 1.0 ml was diluted to about 10 ml with distilled water. 
pH of each filtered solution was adjusted to 3.5 by addition of 
1.0 ml phosphate bufier solution prior to analysis [23]. 

Analytical Procedure 

Unless as otherwise stated, 0.1 mol L~' phosphate buffer 
solution (pH 3.5) was used as the supporting electrolyte for 
myricetin determination. An aliquot of the solution containing 

myricetin was diluted to an appropriate concentration before 
commencing the voltammetric scan. Before each measurement, 
the three-electrode system was instaUed in a blank solution, and 
cycUc voltammetry scan from —0.2 to 0.8 V (vs. Ag/AgCl) with 
accumulation potential (E^cc) of 0.0 V was recorded after an 
accumulation time (ta, ,:) of 60 s on the surface of modified 
electrode. The quantitative determination of myricetin was 
achieved by measuring the oxidation peak current after back- 
ground subtraction using cyclic voltammetry technique. 

Results and Discussion 

Characteristics of AuNPs/en/MWCNTs/GCE 

MWCNTs were coated on GCE evenly and used to form 
pendant chains of ethylenediamine through electrochemical 
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Figure 1. Schematic illustration of the preparation procedure: coating MWCNTs suspension on GCE (a), eiectrografting en films to 
MWCNTs/GCE (b), and electrostatic assembly of citrate-capped AuNPs on ethylenediamine (c). 

doi:1 0.1 371 /journal.pone.0096686.g001 



grafting. When ethylenediamine was electrografted using six cycles 
between 0.0 and 1.4 V (vs. Ag/AgCl) at 10 V s , there was an 
anodic peak at approximately 1.05 V in the first cycle, and then 
the anodic peak almost disappeared in second cycle. This 
phenomenon is very similar to that in the reported literature 
[24]. The final step was electrostatic assembly of citrate-capped 
AuNPs on en tether layers electrografted to MWCNTs (Fig. 1). 

Scanning Electron Microscopy (SEM) can effectively prove 
surface morphologies of the modified electrode. The morphology 
of MWCNTs film showed a network-like structure (Fig. 2a). 
Compared with the MWCNTs film, the SEM image of AuNPs/ 
en/MWCNTs films (Fig. 2b) displayed many observable light dots 
which are due to the assembly of AuNPs. SEM image (Fig. 2b) 
confirmed that gold nanoparticles are typically bound on 
MWCNTs with fairly even distribution, although a few aggregates 
were observed. Fig. 2 C also shows the Energy Dispersive X-ray 
(EDX) spectrum for the MWCNTs decorated with AuNPs. One 
can see that the Au signals are quite strong because of the 
aggregation of AuNPs onto MWCNTs. 



Initial Investigation on the Electrochemical Response of 
Myricetin 

Fig. 3 shows cyclic voltammograms of myricetin on different 
kinds of modified electrodes. Myricetin shows a week oxidation 
peak at bare GCE (a), due to the weaker adsorption and slower 
electrochemical reaction rate on GCE surface. While, there are 
weU-defined redox peaks on the MWCNTs/GCE (b) and AuNPs/ 
en/MWNTs/GCE (c) in 0.1 mol L"' phosphate buffer solution 
(pH 3.5). The peak currents are significantly higher and more 
reversible on the AuNPs/en/MWCNTs/GCE. The position of 
anodic (Epa) and cathodic peak potentials (EpJ were at approx- 
imately 0.379 V and 0.259 V (vs. Ag/AgCl) respectively and the 
ratio of ipa/ip, was smaller than 1.0, which showed that electrode 
reaction was almost irreversible. AuNPs and MWCNTs can 
enhance the rate of electron-transfer and make more myricetin 
available in the electrochemical reaction due to their accumulation 
and catalytic ability. 




Figure 2. SEM images of MWCNTs film (a) and AuNPs/en/MWCNTs films (b). (c) EDX spectrum of MWCNTs decorated with AuNPs. 

doi:1 0.1 371 /journal.pone.0096686.g002 
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Figure 3. Cyclic voltammograms of 2.0x10 mol L myricetin in 0.1 mol L phosphate buffer (pH 3.5) on the different 
electrodes: the bare GCE (a), MWCNTs/GCE (b) and AuNPs/en/MWCNTs/GCE (d); scan rate 0.1 V s~\ 
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Calculation of microscopic surface area 

The microscopic area of the AuNPs/en/MWCNTs/GCE was 
calculated by cyclic voltammetry using 1 mmol L ' ^3 [Fe(CN)^] 
as a probe at different scan rates. For a reversible process, the 
Randles-Sevcik formula (eqn. 1) has been used [25]: 

Ipa = (2.69 X 105y/^AQD]/^v'/^(l) 

where Ip^ (A) refers to the anodic peak current, n; the number of 
electrons, A (cm^); surface area of the electrode, Dr (cm^ s ') is 
diffusion coefficient, Cq (mol cm~^); concentration of 
K3[Fe(CN)6] and v (V s~') is scan rate. For 1 mmol L~' 
K3[Fe(CN)6] in the 0.1 mol L"' KCl, n is equal to 1 and 
Dr = 7.6x10"*' cm^ s~', then from the slope of the ipa - v'^^ 
equation, the microscopic area can be calculated. On the AuNPs/ 
en/MWCNTs/GCE, the microscopic area was 0.0135 cm^. 



Epe = E" +m[0.78-l- ln(D"-*k3-0-0.51n(m)] -|-(m/2)lnv 



m=RT/(anaF) 



(3) 



According to equation (4) [28], tlie slope of Ip^-v plot for 
myricetin in irreversible redox reactions is proportional to the total 
number of electrons transferred (n). By using chronocoulometry, 
the value of Qj- was calculated as 0.003 C. Finally, the total 
number of electrons in the oxidation step was determined as 
1.95=2.0. 



nanaF^AEgV QfanaFv 



2.718RT 



2.718RT 



(4) 



Effect of Scan Rate 

The effect of scan rate on the electrochemical response of 
2.0x10 mol L myricetin was studied in the range of 20 to 
200 mV s"'. There was a good linear relationship between the 
anodic peak current and scan rate (v). The regression equation was 
ipa = 67.249v-hl.401(ipa : nA,v : Vs-',r = 0.9905), showing mass 
transfer controlled by adsorption process [25,26]. The redox peak 
potentials shifted with increasing scan rate and also the peak-to- 
peak separation became larger, which demonstrated that electro- 
chemical reaction gradually extended to more irreversibility. The 
peak potential was linear with logarithmic value of scan rate as 
Epa = 0.0626 In V + 0. 56 1 5(r = 0.97 1 3) and 
Epc=-0.06171nv-l-0.0482(r = 0.9758)(Ep : V,v: Vs-'). Ac- 
cording to the equations (2, 3) [27], the electron-transfer 
coefficient a and na were estimated to be 0.50 and 1 .0 respectively. 



Epa = E"' +m[0.n + In (D^'k- ') - 0.5 In (m)] + (m/2)Inv 
m=RT/[(l-a)naF] 



(2) 



Effect of pH 

The effect of pH on the oxidation current of myricetin has been 
studied at 2x10 ^molL ' myricetin using phosphoric acid as the 
supporting electrolyte. By changing pH from 2.0 to 9.0, the anodic 
peak current shifted in the negative direction. There was a linear 
relationship between the anodic peak potential and pH 
value((Epa= -0.056pH-h0.5081)(r = 0.9730)). According to the 
slope of 56 mV pH it can be deduced that the number of 
electrons and protons transferred were equal in the electrochem- 
ical reaction. With increasing pH value, the peak current increased 
up to pH 3.5, and then decreased at pH>3.5. This is due to the 
proton involved in electrochemical reaction. In pH>7.0 because 
of electrostatic repulsion between AuNPs and myricetin, the 
sensitivity decreased remarkably. Fig. IC shows the recommended 
mechanism for electrochemical reaction of myricetin on the 
surface of AuNPs/en/MWCNTs/GCE modified electrode. 

Effect of accumulation potential 

The effect of accumulation potential on the oxidation peak 
current of myricetin was examined in the range of 0.40 to — 
0.70 V. The oxidation peak current increased by changing 
accumulation potential from 0.40 V to 0.0 V and was nearly 
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independent to from —0.20 to —0.70 V. Therefore, 

accumulation potential of 0.0 V was selected as the optimum 
value for determination of myricetin on the surface of modified 
electrode. 

Effect of accumulation time 

The effect of accumulation time (tacj on the oxidation peak 
current of myricetin was studied under accumulation potential of 
0.0 V (Ag/AgCl) and pH 3.50. Increasing the accumulation time 
causes to an increase in the oxidation peak current and finally level 
oir(tacc>60 s) due to the saturation of electrode (Fig. 4). Therefore, 
accumulation time of 60 s was selected for further studies. 

Calibration curve 

In order to test the feasibility of the exploited method for the 
quantitative analysis of myricetin, the relationship between anodic 
peak current and concentration of myricetin was studied using 
cyclic voltammetry adsorptive stripping voltammetry (CVAdSV). 
Under the optimum parameters (pH 3.50, accumulation potential: 
0.0 V, accumulation time: 60 s, scan rate: 0.1 V s '), the 
calibration curve was linear in the range of 5.0x10"'' mol L"' 
to 4.0x10"' mol L" with three different equations. The 
regression equations were: ip^ = 7.71 3C + 0.1 307(r = 0.9932) 
(0.05-2.0 ^tmol L"'), ip„ = 1.154C+12.748(r = 0.9982) (2- 
15|J,mol L"') and ip^ =0.3196C + 24.844(r = 0.9988) (1,5- 
40 |J,mol L ') where, ip^ is anodic peak current (^lA) and C is 
myricetin concentration (|j,mol L"'). 



The sensitivity of a method is expressed by limit of detection 
(LOD) and limit of quantification (LOQ). The LOD and LOQ, 
established as the amounts for which the signal-to-noise-ratios 
were 3:1 and 10:1, respectively, were 1.20x10"'' mol L"' and 
4.02x10" mol L" , respectively (Table 1). The relative standard 
deviations (n = 6) for 10 and 30 |Xmol L myricetin were 2.2 and 
3.6%, respectively, shows good reproducibility. The relative 
standard deviation for inter days operations (6 days) for 10 mM 
myricetin was 3.4%, shows good repeatability for the fabricated 
sensor. The AuNPs/ en/MWCNTs/ GC electrode can be stored in 
room temperature up to 3 weeks and can be used for about 50 
cyclic voltammograms. 

Interference studies 

The presence of other electroactive compounds is expected to 
affect considerably the analytical signal. The interfering effect of 
some representative compounds was studied in detail. Among 
these compounds - ascorbic acid, phenol, isoflavones, polysaccha- 
rides, aminoacids and metal salts were included because they are 
always present in nutrition foods, supplementary drugs, fruit juices 
and plant extracts. The effect of interferences at several molar 
ratios over myricetin on the measured analytical signal is given in 
Table 2. The tolerance limit was defined as the concentration, 
which give an error of ± 10% in the determination of 1 x 10"^ mol 
L myricetin. As it has shown, the fabricated electrochemical 
sensor is selective for determination of myricetin and suffers from 
some major interferences. 



Table 1. The contrast with previous reports of LOD and LOQ for quantification of myricetin. 





Component 


Method 


LOD/mol 


LOQ/mol 


Ref. 


Myricetin 


LC* 


3.14x10"' 


9.43x10"' 


[14] 


Myricetin 


SPME-HPLC** 


1.52x10"' 


4.59x10"' 


[15] 


Myricetin 


Electrochemical sensor 


1.20x10"" 


4.02 xlO"'' 


Present work 



*Liquid Chromatography. 

**Solid Phase Microextraction-High Performance Liquid Chromatography. 
doi:l 0.1 371/journal.pone.0096686.t001 
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Table 2. Interference study for determination of 1.0x10 ^ mol L ^ myricetin. 




Species 




Tolerance limits (Cspecies/Cmyrfcetin) 


Glucose, Fructose, Benzoic acid. Alanine, Asparagine, Glycine, Leucine, Proline, Serine, Theronlne, 
K+, CIO4", NO3", P04^", HP04^", Cr, Ca^+, Mg^+, Fe^+, Fe^+, S04^", COj^", Na+ 


>500 


Ascorbic acid. Urea 




200 


Kaempferol 




15 


Morin 




10 


doi:10.1371/journal.pone.0096686.t002 




Table 3. Determination of myricetin in some kinds of tea and fruit juices (n = 3). 






Sample 


Cadded/ng 9 ' tiound/mQ 9 ' 


Recovery (%) 


Black Tea 


4.42±0.29 






0.79 5.26±0.34 


104.50 


Green Tea 


27.1 8± 1.25 






7.96 35.42±1.37 


103.43 


Gripe Juice 


5.02±0.69 






3.80 8.85±1.65 


101.06 


Apple Juice 


7.90±0.79 






3.80 11.80±2.21 


102.53 


doi:1 0.1 371 /journal.pone.0096686.t003 



Application 

To investigate the possibility of using modified nanocomposite 
electrode for practical analysis, some fruit juices, black tea and 
green tea samples have been analysed by voltammetry after prior 
accumulation on the surface of nanocomposite electrode. The 
experimental results are listed in Table 3. As it has shown, 
recovery of the spiked concentrations are in the range of 101- 
104%, indicating that the modified electrode might provide a 
feasible alternative tool for determining of myricetin in natural 
products. 

Conclusions 

In this study, electrochemical behavior of myricetin was 
investigated on the AuNPs/en/MWCNTs/GCE in 0.01 mol 
L~' phosphate buffer solution (pH 3.5), and optimization param- 
eters including pH, accumulation potential, accumulation time 
and scan rate have been optimized. Under the optimized 
conditions, anodic peak current was proportional to the concen- 
tration of myricetin in the range of 5.0x10 ^ to 4.0x10 ^ mol 



L~ with detection limit of 1.2x10" mol L~ . The fabricated 
electrochemical sensor displayed excellent characteristics, such as 
simplicity, economy, good sensitivity, selectivity, rapid analysis and 
wide detection range that offers good possibility for using as a 
sensor for analysis in real samples without pretreatment. The 
modified nanocomposite electrode was further applied to the 
determination of myricetin in tea and fruit juices with satisfactory 
results. 
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